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Abstract. Deforestation is a prominent anthropogenic cause of erosive overland flow and slope instability,
boosting rates of soil erosion and concomitant sediment flux. Conventional methods of gauging or estimat-
ing post-logging sediment flux often focus on annual timescales but overlook potentially important process
response on shorter intervals immediately following timber harvest. We resolve such dynamics with non-
parametric quantile regression forests (QRF) based on high-frequency (3 min) discharge measurements and
sediment concentration data sampled every 30-60 min in similar-sizeéd kn?) forested Chilean catch-

ments that were logged during either the rainy or the dry season. The method of QRF builds on the random
forest algorithm, and combines quantile regression with repeated random sub-sampling of both cases and
predictors. The algorithm belongs to the family of decision-tree classifiers, which allow quantifying relevant
predictors in high-dimensional parameter space. We find that, where no logging oceu®% of the to-

tal sediment load was transported during extremely variableff@vents during only 5% of the monitoring
period. In particular, dry-season logging dampened the relative role of these rare, extreme sediment-transport
events by increasing loadteiency during more facient moderate events. We show that QRFs outperform
traditional sediment rating curves (SRCs) in terms of accurately simulating short-term dynamics of sediment
flux, and conclude that QRF may reliably support forest management recommendations by providing robust
simulations of post-logging response of water and sediment fluxes at high temporal resolution.

1 Introduction sources not only on harvest patches but also often in down-
stream areas (Sidle et al., 2006).

Clear cutting is the most common technique for harvest-
Increased soil erosion ranks among the least disputed gdng timber in the plantation forests of Chile. The nation is
omorphic consequences of timber harvesting (Gomi et al.currently intensifying and extending its forestry sector, and
2005; Sidle et al., 2006). The major impacts occur duringrecent projections point to increasing growth rates of timber
and a few years after harvesting operations, before the vegeand cellulose production (FAO, 2010), as well as an exac-
tation re-establishes and the road surfaces and embankmerdgbation of soil erosion in the future. At the same time, the
stabilize. Clear cutting may intensify erosive overland flow forestry sector provides a major income source and thus a
(Malmer and Grip, 1990) and cause debris flows and river-comprehensive assessment of the economic, social, and eco-
bank erosion (Gomi et al., 2004), eventually releasing in-logical benefits of forestry is required. Reliable knowledge
frequent sediment pulses into the drainage network. Landef pre- and post-disturbance sediment fluxes is vital in this
sliding may further intensify due to modified drainage areasregard, and may be acquired by physics-based modelling or
following the construction of timber roads (Montgomery et statistical treatment of field data. This holds particularly true
al., 2000). As a result, boosted erosion and re-deposition ofor Chile, where law mandates immediate reforestation after
soil promote the long-term degradation of soil and water re-
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In this study we apply QRF to predict from a high-
frequency (3 min) time series of stream discharge and dis-
crete SSC samples the impacts dfelient seasonal logging
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2 Study sites
Figure 1. (a) Sediment rating curves for the catchments with fitted
power-law intercepta (gs” L~®+Y), slopesb, and 95 % confidence e focus on three smalk0.1 kn?) headwater catchments
intervals about regression line) Location of study catchments  hat are part of a network of 11 experimental catchments

(star in inset) including stream gauges, nearest rain gauge, and Uy yhe coastal mountains of south-central Chile, close to
paved timber roads. Topography derived from lidar survey; contour,

_— . . . the city of Nacimiento in the Biobio River basin (Fig. 1b).
spacing is 20 m. Numbers (consistent with previous work) refer to_l_h h h | v simil . | iIs. h
catchments. See Huber et al. (2010), Mohr et al. (2012), and Mohr e catchments have largely similar size, geology, soils, hy-

et al. (2013) for detailed descriptions of these catchments. drogeology, and vegetation, bUﬁiH!iring forestry practices.
All catchments are comparable in terms of topography; for

example, catchment slopes range between°1486° and
clear cuttings. However, in many situations, sample size for20.4 +10.8. A more detailed description and discussion of
a robust assessment remains limited, because both time arlie catchments’ morphometric features is stated in Huber et
resources for sampling hydro-geomorphic impacts are ofteral. (2010) and Mohr et al. (2012). The dominant soil type is a
tightly constrained; hence the acquired field data may notclayey to loamy Luvisol that is locally disturbed by forestry
represent the full range of water and sediment fluxes. Thigperations and underlain by a deeply weathered saprolite
limited data availability requires an analysis technique ca-on top of schist bedrock (Mohr et al., 2012). The climate
pable of dealing with few samples of high variance underis Mediterranean, and rainfall intensities are low and only
changing environmental conditions (Fig. 1a). rarely exceed 10 mnth during single events. Intense con-

Conventional sediment rating curves (SRC) rely on an em-vective storms are extremely rare. Previous work shows that

pirical relationship between water discharge and suspende@nly 5% of the registered rainfall events exceed 23 minh
sediment concentration (SSC), but are prone to high uncertMohr et al., 2013).
tainty where SSC-discharge dynamics are subject to distur- Two catchments previously planted witinus radiata
bances or nonlinearfiects. Recent work revealed that an- were logged by the same clear-cutting technique during dif-
tecedent rainfall, intra-event discharge dynamics (Francke eferent seasons: catchment 3 was clear-cut during the winter
al., 2008a; Zimmermann et al., 2012), and disturbances duginy season (July—August 2009), and remained bare for
to clear cutting (Mohr et al., 2013) strongly bias SSC predic-year, whereas catchment 4 was harvested during the end of
tion based on SRC. This calls for methods capable of reliablythe dry summer season (March—April 2010), and replanted in
simulating antecedent and changing environmental condi€arly spring 2010 (September—October 2010) (Fig. 2a). Both
tions, and predicting SSC following clear cuts. Ideally, such catchments were reforested Bycalyptus globulugSchuller
methods should not only ficiently capture the high rates et al., 2013). Although clear cutting is permitted under the
of sediment transport immediately following timber harvest Chilean standards, the forest companies are requested to
(e.g. Walsh et al., 2011) but also the underlying process dyadopt best management practices in accordance with Forest
namics. Except for very few studies, e.g. Webb et al. (2012) Stewardship Council certification agreements. Among other
most work set out to quantify erosion response to loggingpractices, these include cable harvesting on slop@8 %,
has largely neglected high-frequency time series of watetthe use of ground skidders in areas of lower slopes, the main-
and sediment flux. Here we use quantile regression foresttenance of riparian Hter strips (which in the study sites are
(QRF), a robust multivariate and non-parametric regression- 7.5m wide both sides of the channel network), and pil-
technique (Meinshausen, 2006), as a viable and more robu#fg up forestry residues along contour lines at the end of the
alternative to the traditional SRC approach. We are motivatedarvesting operations. The logging of catchment 4 severely
by the successful application of QRF to model multiple SSCdamaged the riparian Her strip, whereas the Hier strip
peak events and hysteresis loops between stream flow arid catchment 3 remained uffiected by the timber harvest.
suspended sediment discharge (Francke et al., 2008a, b; Zin®verall,~ 88 % of the area of catchment 3 were logged, and
mermann et al., 2012). more in catchment 4. The clear cut was done using heavy

rubber-tired skidders to drag logs uphill to landings, whereas
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Table 1. Number of total samples for each catchment. Sample size
of pre-logging period given in parentheses.

Catchment  Sample number Start date End date

1 278 0627/2009 08152010
3 276 Qipre = 89) 0627/2009 08292010
4 100 fipre = 24) 02192010 08282010

ties. We sampled SSC on an event basis with an electric pump
attached to a floating device submerging the pump aperture
at a constant depth of 5cm below the water surface in the
weirs. We took instantaneous SSC samples on an event basis
at 30 to 60 min intervals (Fig. 2c). In the absence of signifi-

_ _ _ _ cant rainfall events, we took at least one complementary daily
Figure 2. Pictures showing the experimental catchments, the Iog'sample during February—March and August 2010 for charac-

ging procedure, and the suspended sediment monitoring devices, ._. ) L
(a) Rainy season logged watershed (watershed 3) in the subseque%‘?rIZIng low-flow conditions (T'?‘b'_e 1). AllSSC samplgs we_re
then rounded to the next 3 min interval to synchronize with

dry season (March 201Q}) Skidder dragging logged stems uphill | . .
to the next landing in watershed @) Custom-built sediment sam- discharge measurements. SSCs were determined gravimet-
pling system: (1) horizontal rotating table used to sample suspendefically with an accuracy of 0.5mg after filtering the rdho
sediment per event and (2) recipient used to collect bulk sample ofamples (Mohr et al., 2013). We obtained sediment yields by
suspended sediment on weekly basis. multiplying the SSC with the rurtd volume summed over

the respective time intervals

cable logging was limited to steep slopes (Mohr et al., 2013) 2

(Fig. 2b). The loggings covered the entire catchment are&5SY = fQ(t) SSC(t) dt (1)
including their ridges. Catchment 1 remained unlogged and n

covered withP. radiata and served as a control catchment.

On 27 February 2010, the study area was hit by the8\M8  where SSY is suspended sediment yield{g,sQ(t) is in-
Maule earthquake that caused ground shaking for 2.5 min agtantaneous discharge (t§ and SSQj is instantaneous
ground accelerations 6f0.3g. The regional hydrological re-  sediment concentration (gt).

sponse featured an abrupt drop in stream discharge followed We complemented this event-based sampling by monitor-
by a rapid increase (Mohr et al., 2012). ing suspended sediment flux with weekly volume-weighted
bulk sampling (Huber et al., 2010) (Fig. 2c). Despite longer
sampling intervals, this alternative monitoring scheme pro-
vided data without the need to interpolate SSC. We consid-
ered these data as first-order benchmarks for the modelled
sediment fluxes. Any given bulk sample merged four sam-

We measured stream discharge with V-notch ThompsorP'eS each day over a period of one week (Huber et al., 2010).

weirs equipped with custom-built water-stage recorders at

a frequency of 3min, and a water-level accuracy of 2mm, , Quantile regression forests (QRF)

(Huber et al., 2010; Mohr et al., 2012, 2013). Rainfall was

recorded by a Hobo tipping bucket rain gauge with an accu-Quantile regression forests (QRF) is a robust non-parametric
racy of 0.2 mm. A Wilcox rank sum test was used to assessegression technique (Meinshausen, 2006) that builds on
whether hourly rainfall intensities were statisticallffdient =~ Random Forest (RF) regression tree ensembles, a data min-
(p < 0.05) between the years. Total sediment yields estimatedng method based on the repeated random selection of both
by bulk samples from June 2008 to September 2009 in thes&aining data and predictors (Breiman, 2001). The method
and adjacent catchments indicate that pine plantations wereonsiders the full distribution of tree predictions, thus quan-
more prone to soil erosion than eucalyptus plantations (Hu+ifying inherent uncertainties of each model (Zimmermann
ber et al., 2010). With bed load being negligible in the coastalet al., 2012). The QRF approach also helps to incorporate
mountains (Iroumé, 1992), i.e.1 % of the total load (Huber effects of variable interaction while at the same tintee

and Mohr, unpublished data), we acquired high-frequencying means to quantify relative variable importance (Francke
data on instantaneous SSC from June 2009 to August 2010 iat al., 2008a; Zimmermann et al., 2012) by assessing the
order to quantify sediment flux in response to logging activi- decline in model performance due to randomizing single

3 Methods

3.1 Field sampling
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predictor variables while keeping all other predictors un-inspected to determine whether the data followed a Gaus-

changed. sian distribution. The latter allowed us to calculate their mean
value and standard deviation to assess the spread of the pre-
dicted sediment yields (Zimmermann et al., 2012).

We set up individual QRF models for each catchment to pre-
dict SSC from the (a) rainfall and discharge time series, (b) ) , )
day of year to account for possible seasonalieas, and For each catchment, we fitted sediment rating curves t(_) a
(c) change in discharge to capture dynamics between eVengower-law funct|0n_relat|ng SSC values to the correlate dis-
(Francke et al., 2008a). We quantified antecedent hydroSNar9eQ (e.g9. Gomi etal., 2005)
meteorological conditions by computing predictor variablesssc= aQP, (3)
that integrated antecedent rainfall and discharge values over
multiples of the sampling interval. Time interval and number Wherea (g & L-t*D) andb are empirical fitting parameters
of aggregation levels were set to 3 and 6, respectively. Thes@f l0g-transformed data. Based on the SRC, we predicted
settings describe the successive increase of aggregation wikSC during the study period and performed the same 20-fold
dows into the past and their total number in the generatiorfross-validation procedure as described for QRF.
of the aggregated predictors. In order to prevent co-linearity,
overlaps between each window were avoided (Zimmermann
et al., 2012). For exampl®,g_g; refers to the rainfall accu-
mulated between 28 and 81 min prior to a given SSC sampldVe find that QRF predicted SSC with high accuracy under
(Zimmermann et al., 2012). In order to account for changingboth low- and high-flow regimes, as well as unlogged and
environmental conditions, we added variables accounting fotogged conditions. Fig. 3 illustrates the predictive accuracy
elapsed time after clear cutting to capture possifileces of ~ for high SSC under disturbed conditions, and the additional
timber harvest and vegetation recovery over time. We furtheiadvantage of QRF to compensate for poor, or impute miss-
defined a switch variable that stratified the data into pre- andng, rainfall and discharge data (Fig. 7a—c). The method also
post-seismic periods to identify potential earthquake impactgeproduced hysteresis loops and the occurrence of multiple
(Supplement Table 1). peak events (Fig. 3). Treating erretd0 % of the measured

We assessed the relative predictor importance based oRSC range as acceptable, both QRF and SRC met this crite-
permutation (Strobl et al., 2008). This measure accounts fofion across all catchments (Supplement Table 2). Yet QRF
multi-collinearity and associated overestimation of variablegenerally outperformed SRC, except for rainy-season log-
importance due to spurious correlation artefacts (Liaw andging, where the large range of measured SSC values shrunk
Wiener, 2002). We validated model performance applyingrelative diferences in model performance<d %.

the root-mean-square error We compared monthly and annual specific SSY pre-
dicted from both QRF and SRC with the bulk data, using

[1 N Az a Monte Carlo simulation (Francke et al., 2008a) (Table 2,
RMSE= N it (6 —%) (@) Supplement Tables 3-4). Specific sediment yield averaged

for the first two years following rainy-season logging was
for N measurements; and predictions;” In order to avoid ~ 3.27+0.09tha? or ~ 20 times the SSY predicted for un-
arbitrary decisions during the validation procedure, e.g. sizdogged conditions (0.120.004 that, + 15).
and location of the test data set, we applied a 20-fold cross However, monthly SSY from the catchment planned to be
validation leaving out continuous data blocks of 5% of the harvested during rainy season exceeded that in the unlogged
data to test the models, (Zimmermann et al., 2012). We deeontrol catchment by a factor of5 even before logging
fined 10 % of the SSC range (g}) as a threshold range for commenced (Fig. 4a). Similarly, the catchment that was sub-
acceptable model performance accounting for the inherengected to dry-season logging yielded! times the SSY of the
erosion model limitations (Nearing, 1998) and the distinct control catchment before it was clear-cut (Fig. 4b). The de-
parameter range of measured SSC. Finally, we estimated susfeasing slope of the double-mass curve after dry-season log-
pended sediment yields for each 3 min time step applying aging indicates that soil erosion decreased. In contrast, sedi-
Monte Carlo simulation (Francke et al., 2008a). To this endment flux intensified over undisturbed conditions after rainy-
we randomly drew a SSC prediction from the distribution re- season logging.
alized by the QRF model for each time step. Based on these When normalized to the increase under unlogged control
samples, we estimated event dynamics and both monthly andonditions, SSYs increased from 2009 to 2010-b125 %
annual sediment yields by summing up the product@ ahd  following rainy-season logging, but decreased-40 % af-
SSC at each time step over each target period. By repeater dry-season logging. This finding is in line with our bulk
ing this procedure 250 times, we obtained a distribution ofdata measurements (Table 2). Overall, QRF predicted sub-
suspended sediment yields (SSY) estimates which was thestantially higher sediment yields than the SRC approach.
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Table 2. Bulk data and modelled annual suspended sediment yields in 2009 and 2010 at the catchment outlets of control (1), rainy-season
clear cutting (3), and dry-season clear cutting (4). Annual rainfalls from local rain gauge (Mohr et al., 2012); exrdrstmaedard deviation.

Catchment1l Catchment3 Catchment4 Rainfall
Year (thatyr) (thatyr) (thalyr) (mmyr?)

Measured 2009 0.15 0.28 0.22 1463.9
bulkdata 2010 0.56 0.88 0.55 1120.8
QRF 2009 0.0&0.00 0.83:0.01 0.39:0.00
2010 0.14:0.01 2.43:0.08 0.48:0.01
SRC 2009 0.02 0.08 0.12
2010 0.02 0.12 0.14
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?‘00-90 ?‘\0-.00 {((1(;.00 5306.0" 63\690 pre- and post-logging sediment yields, respectively; lines are best-fit
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Figure 3. Water discharge and SSC dynamics under unlogged and

logged conditions during two rainfall even{s) 27-29 June 2009,

catchment 1(b—c) 14-15 August 2009, catchments 1 and 3. Den- Only for undisturbed conditions and dry-season logging were

sity of SSC predictions of the QRF model for each time step en-SRC predictions within the same order of magnitude. Based
coded by SSC.in.coloured histograms: black dashed lines are meansy pylk data, SRC underestimates annual SSY by a factor of
of these predictions, red crosses are measured SSC, and green og (Supplement Table 3) despite overestimating sediment

dashed lines are SSC predictions of the SRC. Data are from cali - .
bration period; that is, periods are covered with SSC samples usef ux during individual peak runevents (Fig. 3, Supplement

for model building (see Fig. 7 for limits to model predictions). I%ulr).QRF-derived estimates show that, under unlogged

conditions,~ 80 % of the total sediment load carried during
the monitoring period was transported during orl$ % of
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g!:igure 7. QRF model results of SSC dynamics during extreme

ie peak flow for undisturbed and logged conditions during two rain-
fall events, i.e. 15-18 August 2018-c) and 26—-28 August 2010
(d—f). Density of SSC predictions of the QRF model for each time
step encoded by grey histograms, black dashed lines are means of
these predictions, and green dashed lines are SSC predictions based

Pas-g1 = ) on SRCs. In(c), red crosses show measured SSC.
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Pio-27 me the time. Most of the sediment was transported during rare,
limb ze large rundf events. The instantaneous flux rate () s/ari-
Qio27 R ability of these rare events spanned 4 orders of magnitude,
Poo | ® and thus more than the variability of all other rates occurring
Pss-243 ) over 95 % of the monitoring period (Fig. 5a). Our QRF data
Q.81 oW thus indicate that logging, regardless of its seasonal timing,
P, |we coincided with a relatively increased contribution of moder-
Puaze | @ = ate as opposed to extreme riin@vents in terms of sediment
Piossa-s0020 | ® transport. Thus, immediate post-loggineets on sediment
Qza4720 | @& 2 o transport involved shifting the geomorphic work towards less
Prig2isy | ® § g flashy and more moderate events. We found tffisot to be
Qgr243 | @ = 8 more pronounced for dry-season than for rainy-season log-
Prsgeser | ® - % 5 ging (Fig. 5b). o '
Ps |w@ o o @ To rank thg contrlbutlons of fferent envwonr_n_ental con-
day of year |® Sz @ trols as predictors of sediment flux, we quantified their rel-
Possa106s3 | ® § T g ative importance in terms of added total predictive accu-
earthquake |® o = racy (Fig. 6). We found that antecedent rainfall accumulated
logging ] 28-81 min prior to a given SSC sample was most influen-
Tt T tial for unlogged conditions, whereas the timing of logging
0 5 10 15 20 25 30 35

was not. In contrast, logged catchments did not respond to
rel. variable importance (%) such short-term rainfall memory. Instead, rainfall accumu-

lated over 244—729 min and 730-2181 min showed the high-
?st importance for the catchments clear-cut during the rainy
and dry seasons, respectively (Fig. 6). Near-instantaneous
discharges cumulated over 1-3 and 4-9min prior to SSC
sampling were important for both unlogged and rainy-season
logging catchments. Neither the day of year nor the timing of

Figure 6. Variable importance of the quantile regression models for
each catchment scaled to 100 % in order to facilitate inter-catchmen
comparison. See Supplement Table 1 for predictor variables.
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the 2010 earthquake showed any significant influence on théme series (Fig. 6) because our observation windows in time
SSC predictions (Fig. 6). have significantly dferent rainfall patterns (Supplement Ta-
ble 3). Our study area is dominated by frontal rainfall events
instead of high-intensity convective storms, and we caution
against extrapolating our results for rainfall-rtinevents of
higher magnitude. In essence, QRF is a robust and versatile
Our results show that high-frequency (3 min) time series ofmethod for hindcasting high-frequency time series of water
post-logging water and sediment fluxes are instructive withand sediment discharge, but it is not designed for predicting
regard to understanding immediate hydro-geomorphic profuture events.
cess response despite several unavoidable uncertainties. ForCompared with similar studies on loggindfects (e.g.
one, we treat our bulk sediment flux measurements as miniGomi et al., 2005), our QRF predictions indicate very low
mum estimates given their low temporal resolution comparedo even slightly decreasing post-logging sediment yields fol-
to the fast hydrological response. Under such restrictions, wéowing dry-season logging when compared to unlogged con-
assume that they do not fully capture potentially high butditions. Our observation of increased post-rainy-season log-
short-lived SSC during intense rainfall events. Thus, the to-ging sediment flux is consistent with previous work (e.g. Si-
tal sediment yields based exclusively on bulk samples are ale et al., 2006). Yet the magnitude of this increase is small
lower-bound estimate (Table 2). Furthermore, we find that(e.g. Gomi et al., 2004), and our SSY estimates are within
conventional sediment rating curves (SRCs) are sensitive téhe range reported for natural, undisturbed forests (Zimmer-
outliers, resulting in implausibly high SSC (e.g. 10-15¢;,L  mann et al., 2012). The observed decreases of SSY follow-
Fig. 7e), but remain below our QRF predictions on aver-ing dry logging (Fig. 4b) may partly be due to prompt re-
age (Table 2, Supplement Table 5). Under the recorded lowplanting of the logged slopes (Malmer and Grip, 1990). We
flow regime (Huber et al., 2010), SRCs underestimate theexclude topographic controls on sediment flux since slope
hydro-geomorphic work of more frequent though lower sedi- and stream gradient are highest in catchment 4 (Mohr et al.,
ment fluxes, while they overestimate the less frequent higher2012), where the lowest sediment load had been observed.
magnitude events. This finding supports earlier work arguingSediment flux is expected to be even lower in this catch-
that SRCs significantly underestimate sediment fluxes (e.gment assuming the appropriate adoption of best management
Asselman, 2000). practices such as maintenance oftbustrips ¢ 7.5 m each)
Overall, the QRF predictions cast a much more detailedalongside the streams. Some maintenance works on a tim-
and consistent light on high-frequency post-logging sedi-ber road in 2010 in the unlogged catchment are also likely to
ment flux, particularly with regard to systematic shifts in have contributed to elevating the local sediment supply given
the frequency—magnitude distribution of high-frequency sed-that unsealed timber roads may dominate sediment produc-
iment transport rates and total loads (Fig. 5). The choice otion per unit area in managed forests (e.g. Motha et al., 2003).
season for clear-cut logging is linked to distinct changes inConsequently, we expect that the thus elevated sediment flux
the relative overall sediment transpoffigiency with a gen-  in the unlogged catchment may have partly smothered the
eral trend towards emphasizing moderate flows, while damprelative impact of logging in the other catchments.
ening the éiciency of more rare and extreme events, which We also exclude seasonal meteorologicdlfedences as
we define here as those values above the 95th percentile afrivers of the elevated SSYs in 2010, as rainfall was much
our data. Not only do our results significantly expand, downhigher in 2009 at comparable intensities (Table 2). More-
to the process timescale, the notion that extreme sedimertver, the timing of the 2010 earthquake did not notably dis-
transport events may perform the bulk of geomorphic worktort any of the SSC predictions (Fig. 6) despite favourable
(Korup, 2012) but our findings also underscore the impactconditions for post-seismic increases in sediment flux (Hov-
that logging may have on shifting the underlying frequency—ius et al., 2011). The limited earthquake response may be
magnitude distributions of water and sediment flux (Fig. 5).linked to a decisive lack of post-seismic rainfall in 2010,
We interpret these as statistically robust changes, given thawhich may have otherwise triggered mass wasting. Planta-
QRF avoids over-fitting by randomly selecting both data tions ofP. radiataare prone to mass wasting because of their
and predictor subsets, while providing objective measures ofow root strength compared with other species (Watson et al.,
their relative importance (Fig. 6). Predictor importance also1999). When logged, pine roots rapidly decay in root strength
changes as a function of the logging season. Not only are théSidle, 1991). Shallow landslides are also promoted by slow
resulting predictions in line with the base flow-dominated root-strength recovery rates and cumulatiffe&s of preced-
discharge but they also maintain low uncertainty becauseéng rotations (Sidle et al., 2006). After logging, root decay
of the averaging-out of low-precision predictions (Zimmer- leads to progressive weakening of slopes over time, whereas
mann et al., 2012). Nevertheless, QRF may have drawbacksegrowth strengthens slopes. The opposing trends lead to
for high-magnitude rainfall-rurfb events (Fig. 7d—f) given maximum mass wasting rate at2—3 years after logging
the method’s inability to extrapolate beyond the parameter(Watson et al., 1999). Hence, our immediate post-logging
space. Seasonatffects may not be fully represented in the predictions of SSC (Fig. 6) are consistent with mechanistic



slope-stability models (Sidle et al., 2006). During the mon- more moderate ones. Dry-season logging led to a much
itoring period of this study, however, we regard the contri- greater dampening of extreme events, whereas rainy-season
bution of mass wasting processes as minor, and hitherto inlogging accentuated the contrasts in instantaneous transport
suficient, for explaining the hydro-geomorphic post-logging rates. Post-logging increases in sediment flux, most likely
regimes. driven by saturation-excess overland flow, were an order of
The ORF-derived variable importance plot supports themagnitude higher following rainy-season clear cutting.
notion of a predominant overland flow mechanism of recent With these findings in mind, we conclude that the task of
harvest areas (Fig. 6). Infiltration capacity may increase orpredicting post-logging sediment yields remains a trafie-o
recently logged areas, thus impeding infiltration-excess overbetween model simplicity, applicability, and uncertainty. Our
land flow generation under the low rainfall intensities ob- work provides a firm basis for longer-term studies that will
served (Mohr et al., 2013). Alternatively, high-duration rain- complement our results by recording the cumulative net ef-
fall is required to elevate groundwater levels, which in turn fects of logging and the avenues of hydro-geomorphic recov-
initiate erosive saturation-excess overland flow (Dunne ancery. Still, given that data scarcity and variability are common
Black, 1970), and connect sediment sources to the drainagir post-logging disturbances, we find that quantile regres-
network. The relevance of several antecedent rainfall charsion forests are a robust and promising tool for quantifying
acteristics for predicting post-logging sediment fluxes re-in detail high-frequency time series of water and sediment
flects the local rainfall regime, where low-intensity and long- fluxes following clear-cut operations.
duration rainfall events successively saturate the soil layers
over time, thus permitting erosive overland flow (Huber et
al., 2010) Compared with rainy-season |ogging, the measupplementary material related to this article is
sured SSC following dry-season logging also responded t@vailable online athttp: //www.earth-surf-dynam.ney2/
significantly longer time lags. The lower cohesion of wet 1172014esurf-2-117-2014-supplement.pdf
soil elevates sediment supply for erosive overland flow dur-
ing timber machinery action in the rainy season. Hence, the
susceptibility to soil erosion is higher compared to logging
in dry soil conditions. The distinct micro-topography left by We thank Andreas Bauer, Johannes Bren-
heavy machinery persisted following dry-season logging un-ner, Franziska Faul, Rodrigo Bravo, and Cristian Fréne Conget for
til the subsequent rainy season, thus impeding overland-flowelping in the field and during data analysis. We are grateful to
connectivity and requiring larger volumes of water to re- Forestal Mininco for providing access to our experimental catch-
establish connectivity (Mohr et al., 2013). In contrast, SSCments, and acknowledge Anton Huber for support and advice. We
under unlogged conditions appears to be modified by mordhank Simon Mudd an_d two revie_wers _for cons'tructive comments
short-term antecedent rainfall characteristics (Fig. 6). SuctP"an earlier draft of this manuscript. This study is co-funded by the

; P ; ; _International Bureau of the German Federal Ministry of Education
flashiness maym_dlcatéfects of hydrophobic plantation for and Research and the Chilean government (CONIGWIBF
est cover (e.g. Miyata et al., 2009).
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